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ARTICLE INFO ABSTRACT

Handling Editor: Thanh Nguyen Lead (PDb) in drinking water has re-emerged as a modern public health threat which can vary widely in space and

in time (i.e., between homes, within homes and even at the same tap over time). Spatial and temporal water Pb

Keywords: variability in buildings is the combined result of water chemistry, hydraulics, Pb plumbing materials and water
Lead- use patterns. This makes it challenging to obtain meaningful water Pb data with which to estimate potential
Partxcu}ete exposure to residents. The objectives of this review paper are to describe the root causes of intrinsic Pb variability
Variability . C . S e o § . y -

Spatial in drinking water, which in turn impacts the numerous existing water sampling protocols for Pb. Such knowledge
Temporal can assist the public health community, the drinking water industry, and other interested groups to interpret/
Water use compare existing drinking water Pb data, develop appropriate sampling protocols to answer specific questions
Sampling protocol relating to Pb in water, and understand potential exposure to Pb-contaminated water. Overall, review of the
Exposure literature indicated that drinking water sampling for Pb assessment can serve many purposes. Regulatory

compliance sampling protocols are useful in assessing community-wide compliance with a water Pb regulatory
standard by typically employing practical single samples. More complex multi-sample protocols are useful for
comprehensive Pb plumbing source determination (e.g., Pb service line, Pb brass faucet, Pb solder joint) or Pb
form identification (i.e., particulate Pb release) in buildings. Exposure assessment sampling can employ cumu-
lative water samples that directly capture an approximate average water Pb concentration over a prolonged
period of normal household water use. Exposure assessment may conceivably also employ frequent random
single samples, but this approach warrants further investigation. Each protocol has a specific use answering one
or more questions relevant to Pb in water. In order to establish statistical correlations to blood Pb measurements
or to predict blood Pb levels from existing datasets, the suitability of available drinking water Pb datasets in
representing water Pb exposure needs to be understood and the uncertainties need to be characterized.

1. Introduction

More than a decade after the Washmgton DC water lead (Pb) crisis
; i4), new correlations between

elevated water Pb and elevated chlldhood blood Pb in Flint, MI ( a-
2 ) reinvigorated public interest on drinking water as a

Pb exposure source. This motivated new exposure and blood Pb
modelmg pledlctlons based on avallable and hypothetical Pb datasets

* Corresponding author.
E-mail address: *

across and within residences and buildings, then any sampling protocol
would be capable of capturing that fixed Pb concentration. It could then
be extrapolated to potential ingestion exposure with knowledge of the
amount of water consumed. However, Pb in drinking water can vary
widely in space and in time (i.e., between homes, within homes and even
at the same tap over time}, as the combined result of water chemistry,
hydraulics, Pb plumbing sources and water consumption patterns
among individuals ( 1). This makes it challenging to obtain mean-
ingful water Pb data with which to estimate potential exposure to resi-
dents and may have at least partly contributed to the perception that
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water Pb is a small contributor to blood Pb (7
FO12)

Historically, studies used Pb datasets obtained by a variety of sam-
pling protocols to assess the contribution of water Pb to the body’s total
Pb burden (3 1). However, if the ultimate goal is drinking water Pb
exposure characterization, defined as the quantitative assessment of the
ingested Pb which combines Pb concentration and volume of water
consumed (il 4}, then collected samples should capture the
spatial/temporal variability of water Pb that consumers cumulatively
ingest during their water use patterns. Understanding the root causes of
intrinsic Pb variability in water and the numerous existing water sam-
pling protocols for Pb will assist the public health community, the
drinking water industry and other interested groups to:

e interpret/compare existing drinking water Pb data obtained by
various sampling protocols,

e develop appropriate sampling protocols to answer specific questions
relating to Pb in water, and

e specifically evaluate the potential exposure to Pb-contaminated
water and its potential error bounds

2. Factors affecting Pb variability in drinking water

Early research set the groundwork of Pb variability in drinl(ing Water

quent advances allowed further explmatlon of the root causes of vari-
ability, classified into 3 general categories below.

2.1. Water chemistry and hydraulic changes

A plethora of water chemistry parameters (Box 1) affect how quickly
dissolved Pb is released into the water (kinetics), the maximum dis-
solved Pb concentration reached at equilibrium (plumbosolvency) and
the resulting corroded Pb pipe surface composition (corrosion scale
chemical and hydraulic durability). Reviews of water chemistry and Pb
plumbing corrosion as they affect Pb release can be found elsewhere

(G

'gb concentrationin water
fordrinking or cooking

Seasonal fluctuations in incoming water chemistry and temperature
may affect Pb corrosion reactions and result in temporal changes to Pb
release st s

24 \ 1. Lead corrosion
scales often have multiple layers of varying composition which are
controlled by water chemistry. An outermost corrosion scale layer with
high Pb solubility or low mechanical durability can be more susceptible
to Pb release due to the inherent water chemistry or due to hydrauhc
changes (il 1
FH31V). Water chem1stry changes and hydrauhc changes can release
particulate Pb in a seemmgly random fashlon further contrlbutmg to
varlablllty ( ke

B 3). Capturing total Pb release (particulate and dxssolved
Pb) with standard sampling protocols is challengmg, given the unpre-

dictable nature of partxculate release (&

2.2. Lead spatial variability in plumbing

Premise plumbing systems are complex pipe networks in buildings
that deliver water to drinking water outlets, such as devices intended for
consumptive purposes (e.g., drinking water faucets, drinking water
fountains, icemakers), and fixtures intended for non-consumptive pur-
poses (e.g., garden faucets, utility sinks, showerheads, toilets, furnace
humidifiers, bathroom faucets). Some water outlets may be used for
both purposes by design, practicality, or personal behavior. Lead in
water may originate from a variety of plumbing sources (¥ig. ¥}, which
can differ in type, number, location, diameter and length within and
between premise plumbing systems. For simplicity, premise plumbing in
this work refers to all building types (e.g., residential homes, residential
apartment complexes and non-residential buildings like schools),
although specific discussions may apply more to one building type than
to others.

2.2.1. Pb service lines and other Pb pipes
Major Pb sources in some US buildings (e.g., homes) are “legacy” Pb
service lines (LSLs), Pb goosenecks, or other Pb-lined pipes )

Contributing Factors

o 7

A4

Representative sample?

Ph concentration
ter sampled

inwa

intend

Fig. 1. General factors contributing to lead (Pb) variability in the drinking water that is consumed or sampled.
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Table 1 Table 1 (continued)
Nlustrative water sampling protocols in studies that attempted to assess the
contribution of water Pb to total Pb exposure. The list is not meant to be
exhaustive.

Study (Chronological Order) Water Sampling Protocol at Each Building
(Home or School)

One 1-L sample from an exterior house faucet,

(Home or School}

First-draw sample after overnight stagnation

Two samples of 1-2 pints (0.5-1 L) from kitchen

tap:

+ Morning sample with first run-off in the day,
followed by

e Evening sample taken later in the day

Four samples:

Standing sample from cold water tap after
turning it on and rinsing out the sample
container

Running sample from cold water tap after 4-
min flush

Composite sample by resident in 1-gallon
sample bottle filled with 1 quart of water at
each meal for 1 day

Early morning sample by resident in 1-quart
sample bottle filled in early morning at the
time the resident felt a temperature change in
the water (i.e. from warm to cold)

.

®

®

®

Two samples:

e One 250-mL first flush in the morning from
the cold tap used for food preparation, fol-
lowed by

e At least 5-min flush

Three samples (1.2 L) from the cold kitchen tap
on three occasions at 2-week intervals:

e Daytime (first water out of the tap at the time
of visit)

Running (after the tap has been running
moderately for 5-min after the daytime
sample)

First flush (first water out of the tap in the
morning, collected by residents)

.

®

Four 200 mL samples from kettles, taken at
different times on different days during a
designated week

Three 1-L samples:

« First-draw from kitchen tap in the morning

« Random daytime later in the day

e Flushed sample after an estimated 10 pipe
volumes of water had been flushed

Four samples (variable volume):

e Composite kettle sample over a week,

comprised of individual 200 mL drawn from

kettle daily to make baby’s first feed of the

day, and then poured into a 1.5 L polythene

bottle marked at 7 levels

1-L first draw sample after overnight

stagnation

1-L random daytime sample

e 1-L from hot tap, for households with
suspiciously high or inconsistent values

®

®

®

Random daytime sample and sequential
profile samples by water authority

Single sample of 200 mL kettle water;
composite sample of kettle water collected
each day, and 1-L first-draw sample by
residents

®

One 30-min stagnation sample from kitchen
cold water (unspecified volume)

One kitchen cold water sample after a 30-min
stagnation and a 5-min flush

7-day composite sample

Study (Chronological Order) Water Sampling Protocol at Each Building without regard to time of day, after at least 2-

min flush and observing stable water

temperature by touch

Two 1-L samples:

e 30-min stagnation sample from kitchen cold
tap

e Flushed sample from kitchen hot tap after
reaching stable temperature

Two 1-L water samples:
+ First-draw sample, followed by
1-min flush

®

ot

-min flush sample

L3

30 mL water sample from the household
kettle by residents

Repeat kettle water sample and a daytime
water sample (1 L sample taken from the
drinking water tap with no prior flushing) by
research nurse

®

®

30 mL water sample from the household
kettle by residents

Repeat kettle water sample, a daytime water
sample (1-L taken from the drinking water
tap with no prior flushing, and a 30-min
stagnation (1-L taken after approximately 5
pipe volumes had been flushed and 30-min
stagnation was subsequently employed) by
research nurse

L3

Three samples (unspecified volumes):

e Stagnant sample in morning, followed by 3-
min flush sample, and then sample intended
for cooking at lunchtime

250-mL samples (obtained from school

sampling following EPA’s 3 T's guidance):

» Standing samples after 8-18 h stagnation,
followed by running samples after a 30-sec
flush in water fountains/faucets

Five 1-L tap water samples from cold kitchen tap

with the aerator on:

e 5-min flush at typical flow rate, followed by
four consecutive samples after a 30-min
stagnation

Five 1-L samples:

e 5-min flush sample, followed by a 30-min
stagnation sample after which 4 consecutive
samples were collected (Flow rate maintained
at 5-7 L/min and tap aerators were intact
during sampling)

One 2-L sample after a 30-min stagnation

Three 1-L samples:

e 5-min flushed sample, followed by

e 30-min stagnation sample

+« Then 2-L of water was wasted, and the fourth
liter was collected (water presumably in
contact with the service line)

One 1-L first-draw sample from interior tap after
at least 6-h stagnation obtained from US water
utilities” compliance monitoring

Sequential profile samples (four to sixteen 1-L
samples) after 30-min stagnation

Sub-samples from each measured drink
consumed at home over three days in winter and
summer

Composite proportional sample (5% side stream
of water used for cooking/drinking for 1-2

(continued on next page)
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Table 1 (continued )

Study (Chronological Order) Water Sampling Protocol at Each Building

(Home or School)

weeks) compared to RDT, first-draw, 30-min
stagnation and 5-min flushed samples
Sequential profile samples obtained from US
water utilities, FPA offices and other published
studies

which were mstalled pI‘IOI' to the 1986 US Pb ban and have not yet been
replaced (& al }. These are made of pure Pb materials or
pure Pb linings (100% Pb) and are often hidden underground or inside
walls unbeknownst to residents. Service lines (or else communication
pipes) are the specific pipes that connect premise plumbing to the water
main, whereas goosenecks (or else pigtails) are shorter pipe segments
connecting the service line to the water main 3). Houses without
an LSL can still have unknown sections of Pb pipe inside the residence, or
a Pb gooseneck connection to the main. In some areas of the US,
particularly in the Northeast and Midwest, Pb-lined galvanized service
lines and pipes were also used ( i)

In many systems, the highest water Pb levels originate from the LSL,
but the degree of Pb release from LSLs may vary from house to house.
For example, longer LSLs create a greater chance that the consumer may
receive elevated water Pb at the tap. In a field study in Chicago, LSL
length in sampled homes varied greatly between 43 and 159 feet (13-48
m)}, while the distance from the kitchen tap to the beginning of the LSL
ranged from 3 to 87 feet (0.9-26.5 m) (& .

This variability depends on the premise (particularly kitchen)
plumbing configuration and on the house location relative to the water
main location (usually under the street). In some cases, LSLs are shorter
because they enter a home at the front (¥ig. #, scenarios 1 and 2},
whereas longer 1LSLs may enter at the back ( 4, scenario 3). In
addition, the location of the kitchen at the front 4, scenario 1) or
the back of a home ( 1, scenarios 2 and 3) increases the distance from
the primary Pb source (LSL) to the primary water consumption outlet
(kitchen faucet). In other cases, homes with longer yards that are located
further from the street or water main 4, scenario i) or larger homes
with larger premise plumbing systems 4, scenario ii), may fall
under any of the scenarios 4.1, 4.2, 4.3, further affecting LSL length and
distance. The variable lengths and distances from kitchen taps to LSLs
make it impossible to universally capture the Pb contribution from the
LSL within a single water sample volume sequentially collected at the
kitchen faucet (

2.2.2. Brass, bronze, Pb solder and galvanized pipes

Even with no pure Pb plumbing, buildings may still contain a wide
array of fittings and devices containing Pb brass/bronze alloys (e.g.,
components in kitchen faucets or in water fountains, water meters,

valves, elbows,

ferrules) or Pb solder contributing Pb to water

plumbing alloys have much lower Pb content relative to pure Pb sources
but have been shown to release more Pb than LSLs in some water sys-
tems (7} al
Pb content was lmuted to less than 0.2% by weight in solder and to
less than 8% by weight in brass in 1986 in the US (= ). The
allowable Pb percentages were further modified to a 0.25% weighted
average for wetted surfaces in order to meet the new “lead-free”
requirement that took effect in 2014 (& ). However,
many houses and buildings retain “legacy” brass/bronze fittings and
solders of higher Pb content from previous installations, whereas
plumbing alloys with higher Pb content may still be illegally or unin-
tentionally used in new buildings ( ]

. ) ).

Instances of high water Pb levels in buildings have been attributed to
a legacy Pb brass ball Valve ( } or other Pb brass
components (& )} and to legacy Pb
solder (3 ). Even “lead-free” brasses
containing a small percentage of Pb can potentially release consequen-
tial amounts of Pb into water. Current industry standards by NSF In-
ternational did not anticipate the significant lowering of public health
goals (e.g., the American Academy of Pediatrics 2016 recommendation
of <1 pg/L Pb in school water). As a result, certified “lead-free” com-
mercial plumbing products were found to leach Pb > 1 pg/L in one
laboratory study (* ).

Galvanized steel pipe can also be a source of Pb. The zinc lining
contains 1% Pb that can leach into water (i 3), whereas the iron
in the pipe can sorb Pb from upstream sources such as LSLs for eventual
and substantial Pb release into drinking water even after the LSL has
been removed (AV :

2.3. Lead temporal variability

The most understudied contributor to water Pb variability is argu-
ably the impact of water use pattern, which determines the stagnation
duration and pathways of flow as water contacts Pb-containing
plumbing sources. Water use within buildings is intermittent and var-
ies by the hour, day, and season due to resident schedule/lifestyle ac-
tivities and weather. House age, number of residents and socioeconomic
status all affect the frequency, duration, and intensity of water use
). A list of questions
on daily habits (Box 2) demonstrates how complex individual water use
patterns can be.

The Water Research Foundation (WRF) reported that toilet flushing
accounted for the largest indoor use of water in surveyed US single-

Box 1

e pH and alkalinity/Dissolved Inorganic Carbon (DIC)

e Oxidation Reduction Potential (ORP)

e Chloride and sulfate

e Iron, calcium, manganese, aluminum

e Natural Organic Matter (NOM)

Some main drinking water chemistry parameters affecting Pb release. The list is not meant to be exhaustive.

e Oxidant type (e.g., chlorine, chloramine, dissolved oxygen) and concentration

e Corrosion inhibitor type (e.g., none, orthophosphate, orthophosphate/polyphosphate blend, silica) and concentration

ED_006530_00001390-00004
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Fig. 2. IHustrative premise plumbing configuration in a home. Water reaches outlets for consump’uve and non- consumptlve uses by followmg hot and cold lines
specific to the plumbing design of each home. Redrawn and modified from

Fig. 3. (a) Full lead service line in the ground, (b) privately-owned lead service line partially replaced by copper pipe with a wiped solder joint in the ground, (¢} lead
gooseneck that was excavated, (d) lead-lined iron service line that was excavated and cut open to expose the lead-lining
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Water shutoff vl

Kiiehoniap

Fig. 4. Hlustrative schematic of the kitchen tap relative to the service line, for homes of different kitchen configurations (scenario 1-3). If home distance from the

street varies and home size varies (scenari
1-3) applies. Modeled after Chicago (

iand ii), then the relative plumbing lengths are complicated further, depending on which kitchen configuration (scenario
#013), where the service line ends at the water meter which is typically located inside the home. In other cities

the water meter can be outside of the home, and the configurations may be different.

family homes (24%), followed by faucets (20%]}, showers (20%), clothes
washers (16%), leaks (13%), bathtubs (3%), other/miscellaneous (3%),
and dishwashers (29%) (¥ . Even if most of the demand is not-
consumptive (i.e., not for drinking or cooking), any use causes water
to move through the relevant plumbing branch and affects Pb levels in
shared plumbing.

Hydraulic modeling of flow paths associated with different simulated
water uses in an actual 3-level premise plumbing layout containing a 60-
ft service line can provide insights into how
water moves through a residence ( 3}. Collecting a 1-L cold water
sample at the kitchen tap after stagnation does not capture water that
stagnated within the LSL (¥iz. 5b). Taking a warm shower (¥ig. &)
utilizes both hot and cold water, with the hot water quality impacted by
the size of the hot water heater (1 ). Like the 1 L sample,

a 16-ounce (500 mL} glass of cold water (¢ >d) moves water along the
same path, but only represents the first 13 feet (3.96 m) of plumbing.
Even non-consumptive uses like watering the lawn ( G
plumbing branches with the kitchen faucet and may thus affect the Pb
content in the next glass of water.

Further illustrating these concepts, hydraulic modeling for a simpler
linear LSL plumbing scenario demonstrated the mostly unrecognized
impact of individual water use patterns to individual water Pb exposure
( » 2}, Specifically, | } demonstrated that drinking a
glass of water did not move the Pb slug far enough from the LSL to affect
the next glass of water. Brushing teeth or a 1.3-gallon (4.9 L) toilet flush
moved the Pb slug enough to contaminate the next glass of water,
whereas a shower or 3.6 gallon (13.6 L) toilet flush flushed out the Pb
slug contained within the LSL, resulting in only a small residual Pb

Box 2

¢ How many people use water each day?
e What are the water uses, and in what order?
e Which water outlet is used, and when?

e How long did the water stand in which part(s) of the piping?

e Are there visitors who change the water use pattern?

Questions relating to building water use, as they may affect water movement in plumbing and subsequent Pb concentrations in water.

e What is the water pathway through the plumbing, each time a faucet or appliance is turned on?
e How much does the pattern of use vary from day to day, week to week, month to month?

e Are school or work-related activities the same or different from the prior day/week/month?

ED_006530_00001390-00006



8. Triantafyllidou et al.

a b
5
€l
- iR
irs Bathme;ﬁ: g1 Entryto
: house [FR— inssssasssnsssnssine
#itchen
*
| E— ;
<Main Floor aathrcom
D
c d
x 3
S m—— o,
S O T N R Ove . Kitchen
+
° |
iMain Floor Bathroom
" &
e f
SO ) Garden Faucet
Garden Faucet
t
i 4 s ’
Wain Floor Bathroom
%

Fig. 5. (a) Premise plumbing system simulated in EPANET, and water flow paths resulting from various assumed water uses: (b) collecting 1-L sample at kitchen tap
after stagnation, (c) taking a warm shower, (d) collecting a 16-ounce (500 mL) glass of water, (e) flushing the toilet, (f) watering the lawn. Red/blue segments
highlight water (hot/cold) that would be consumed by a given activity, whereas gray segments highlight water that would be moved. Remaining segments, not
highlighted for a given activity, represent stagnant water which would not be directly impacted by the water activity. Not to scale. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

concentration at the tap.

%+t recently filled some of the water use information
gaps at 13 mhablted Canadian homes, by demonstrating that 50% of
water uses drew less than 1 L from kltchen taps with 92% of uses

drawing less than 3 L.

demonstrated the impact of water consewatxon devxces (whxch in turn

impact water use} at a university campus on water quality deterioration
including water Pb contamination. {3S 17} demonstrated the
impact of extremes in occupancy to the total water use and measured
water Pb levels in a US single-family midwestern home served by an LSL
between 2007 and 2017. Total water usage in the home gradually
decreased, as the number of residents decreased from 2 to 1 and

ED_006530_00001390-00007
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Table 2

Predicted Pb concentration in tap water depending on prior water use based on EPANET hydraulic modeling.

Simulated water use

% LSL water slug moved by activity

Predicted Pb concentration in next glass of water at kitchen tap

8 0z (237 mL) glass of water

Shower (17.2 Gal or 65 L @ 2 gpm)
Toilet flush (3.6 Gal or 13.6 L @ 2 gpm)
Toilet flush (1.3 Gal or 49 L @ 2 gpm)
Brushing teeth (1 Gal or 3.7 1)

0% (Pb slug moved 2.7 ft or 0.8 m)
100% (Pb slug flushed out)
100% (Pb slug flushed out)
50%

20% (Pb slug moved 43.5 ft or 13.3 m)

0 pg/L
4 pg/L
4 pg/L
100 pg/L
100 pg/L

-
LSL, 35 ft (16.8 m)

(1.25galor4.7 1)

<4 b
Copper (no fead), 30 ft (9.1 m)
{0.7galor2.61L)

Modeling assumptions: LSL (lead service line) is the only Pb source; Pb solubility in LSL set to 100 ug/L; Particulate Pb not incorporated; 8-h water stagnation in LSL
before water use; %" pipe diameters; water contained 0 pg/L Pb prior to use. Different assumptions/inputs would yield different predicted Pb concentrations, so the

reader is encouraged to focus on the general trends instead.
Adapted from

ultimately to 0 over a decade. This caused Pb corrosion scale changes
due to prolonged water stagnation within the LSL, which resulted in
increased water Pb levels. That work brought attention to water quality
in vacant/foreclosed buildings with LSLs and encouraged water sam-
pling/remediation prior to reoccupation. By extension, the implications
of prolonged under-occupancy or vacancy in some Pb-containing
building plumbing networks due to grave circumstances (e.g., the
COVID-19 pandemic shutdowns) should be considered, particularly in
buildings like schools or daycares which eventually resume serving
sensitive population groups (¥

3. Key water sampling components

Sample volume and water stagnation will be discussed here, but
other key water sampling components have been reported elsewhere

Corresponding Pipe Length

3.1. Water sample volume

The volume of water sampled in standard sampling containers (30
mL, 60 mL, 125 mL, 250 ml, 500 mL, 1 1, etc) essentially equals
plumbing distance from the sampled water outlet (i.e., volume = dis-
tance), as determined by pipe material and internal pipe diameter
(5 § }. For example, collecting one
liter of water coming out of a tap after stagnation, corresponds to 17-26
feet (5.2-7.9 m) of plumbing distance depending on pipe material, for a
typical home pipe internal diameter of % inch (¥ ). Such volume/
distances will capture water contained within the faucet and an

Water Sample Volume

%7 {20 mm) Pipe Nominal Size

Pipe BMaterial ¢V Lo
Pipe Length  118H 1158 SAH
Em 35m m

127 {12 ) Pipe Nominal S

PYC Py G5

Cu-M

LFH /B ILTH HOH 1L
Ham Fi9m Sim &.1m

Fig. 6. Correspondence of one liter of water sample volume to pipe length, for typical pipe materials and nominal sizes. cPVC: Chlorinated Polyvinylchloride, Pb:
lead, GS: Galvanized steel, Cu-M: Copper type M. Not to scale. Note: GS pipe may undergo severe corrosion (i.e., tuberculation) that can substantially decrease

internal diameter.
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associated short section of premise plumbing, impacted by a variety of
proximal plumbing devices and materials. But they will not capture
distal Pb plumbing sources, such as an LSL or Pb gooseneck.
The sample Volume can also cause dilution effects (&
3 { { & {113). For example, a one-liter water
sample may dllute the small volume of Pb-contaminated water within a
leaded kitchen brass faucet, which was found to range between 56 and
135 mL (¢ , 65-150 mL (¢ H } and
24-233 mlL ( %), Cons1cler1ng that water volumes may
vary significantly between kitchen faucets, bubblers in water fountains,
laboratory faucets used in US schools/hospitals, and janitor/utility sink
faucets; a one-size-fits-all approach (like 1 L or 250 mL sample volume}
cannot answer all the questions surrounding Pb in drinking water (see
subsequent section on Sampling Protocols).

3.2. Stagnation

The duration of water stagnation prior to sampling is important,
because Pb diffuses quickly from Pb pipe within the first few hours of
stagnatlon and will eventually reach a concentration equilibrium peak
(¥ 1% o ). However, long stagnation periods are
difficult to achieve because they require no water use throughout the
entire house/building for an extended period of time (
. 1). Even non-consumptive water uses,
1nclud1ng flushing toilets, furnace humidifiers, lawn sprinklers or acci-
dental leaks can compromise water stagnation and the subsequently
collected water sample.

Inter-use stagnation, i.e. the time between each water use at the
kitchen tap by residents, was estimated at 30 min on average by earlier
European studies (v 3 i ¥:). This is typically
much shorter than the long stagnation required for Pb to reach its peak
concentration. The range of inter-use stagnation at kitchen taps in one
Canadian study was recently reported between <15 min (47% fre-
quency) to >6 h (10% frequency) (1 :

va et al

4. Sampling protocols

Sampling protocols for Pb in water can be classified under three
general categories depending on their ability to answer specific ques-
tions related to Pb in water (¥ ). Brief descriptions for our classi-
fication are provided below, whereas other detailed explanatlons and
classifications are also available to the reader ¥

3).

4.1. Single sample protocols

Several protocols consist of taking a single water sample from a
building faucet or fountain. First-Draw (FD) is a single fixed-volume
sample taken after long stagnation (e.g., overnight) that produces
time-amplified “worst case” Pb concentration for the segment of piping
sampled when Pb release approaches its equilibrium peak (Ly#l
kN ). Random Daytime (RDT) is another single fixed- volume
sample, but taken without any stagnation at a random time during the
workday, which is impacted by the random residential water use pattern
). 30-Minute Stagnation (30 MS) is a single
ﬁxed volume sample taken after pre-flushing and subsequent 30-minute
stagnation which captures the average 30-minute inter-use stagnation

i 385).

These single sample protocols are simple/practical to employ across
many homes for system-wide compliance with a water Pb regulatory
standard (¥ 3), but they are not meant to provide direct water Pb
exposure information for individual households, nor can they precisely
identify all Pb plumbing sources and their relative importance. For
instance, the US compares the 90% percentile of FD samples against a
0.015 mg/L (15 pg/L) action level (which is not meant to be a health-

Table 3
Sampling protocols for lead in drinking water that have been used to meet
different objectives. The list is not meant to be exhaustive.

Sample type Sample protocol summary objective & question(s)

answered
First Draw (FD), US  — Overnight water 1. Lead regulatory
— 90th stagnation (6+ hr) compliance in a certain
percentile Pb < - Collect 1 L jurisdiction:
15 pg/L e Does the water meet a
Random Daytime — Collect during random regulatory standard for
(RDT), UK work hours (i.e., variable Pb?
— 95th stagnation)
percentile Pb < ~ Collect 1L
10 pg/L
30 Min. Stagnation - 2 to 5 min. preflush
(30MS), Ontario — 30 min. stagnation
Canada - Collect first two liters &
— Pb < 10 pg/L average Pb results
(5 pg/L
considered)
Profile (or else — Defined stagnation time 2. Lead plumbing sources
sequential) - Collect 10 to 20 sequential determination and/or
samples of defined volume lead form identification:
(125 ml, 250 mL, 1 L, etc.)
Fully flushed - No stagnation e Where is the Pb coming
- Flush out several piping from?
volumes
- Collect 1 L
School guidance, — Overnight stagnation
UGS (8-18 hr)
- Collect first 250 mL from
all taps and fountains
Particle Profile sampling repeated at e What form of Pb is present
stimulation increasingly higher water (dissolved/ particulate)?
flow rate: low, medium, and
high flow rate, or
alternatively
— 5 min stagnation
- Collect first liter at
maximum flow rate, open
and close tap five times, fill
rest of bottle at normal
flow rate
- Collect second liter at a
normal flow rate
- Collect third liter the same
way as the first
RDT - Collect statistically 3. Average Pb Exposure

Assessment at
community level or
household level

« What is the average

sufficient RDT samples

(explained above) at

homes across community
Composite — Sampling device diverts

proportional fixed proportion (e.g., 5%) exposure to Pb in water
(automatic or of water every time water in this community?
manual) is drawn for consumption

— Cumulative water samples
may even be collected
manually at each water
consumption event
(typically no more than 3
L)

— Over extended period of
time (e.g., 1 day to 1-2
weeks)

« What is the average
exposure to Pb in water in
this household?

that is currently under revision (i3 Fe
compares the 95% percentile of RDT samples agamst the 10 ug/L World
Health Organization’s provisional tolerable weekly intake of Pb for
children (i } under its Drinking Water Directive (i
W 1{3). The Province of Ontario, Canada compares 30
IVIS samples to Health Canada’s pr1or Pb maximum acceptable concen-

tration (MAC) of 10 pg/L (¢ }. An overview of
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regulatory approaches in other Canadian provinces can be found else-
where (I B

4.2. Sequential {or Profile) sampling

Unlike the previous single samples, profile sampling collects many
sequential water samples from the same kitchen faucet, after a pre-
scribed stagnation period (-

The required number and incremental
Volurnes of sequentlal samples to ultimately capture the full volume of
water between the kitchen faucet and the water main depends on the
specific plumbing network. Thus, conducting an individual premise
plumbing assessment can be very useful, albeit time-consuming. A
sampling plan developed for a particular building may not provide
meaningful information if used for another building with different
plumbing materials, configurations and dimensions (i.e., lengths and
internal diameters of segments) (see previous section on Factors
affecting Pb variability in drinking water).

In general, smaller sample volumes can be taken initially (e.g., 30
mlL, 60 mL, 125 ml) to provide more spatial resolution and pinpoint
specific proximal small sources of Pb like brass faucet/water fountain
components, a brass valve, or a Pb soldered copper joint (V- "
since larger samples may reflect
multiple small Pb components (¥iz. 7). Larger sample volumes (e.g., 1 L}
taken subsequently can capture distal larger Pb segments like LSLs or Pb
goosenecks.

Sequential sampling results create a profile of Pb concentration
versus water sample volume (where water volume = plumbing dis-
tance), which can help identify Pb sources along the plumbing line,
especially LSL peaks (

1), While expensive/cumbersome due to the
numerous samples, sequent1a1 sampling is the most comprehensive

a. Fauget

b Bubbler

approach for Pb plumbing source determination (%: ). Sequential
sampling further evolved to incorporate high sampling flow rates for
particle stimulation (3 3}, that better capture particulate Pb in water
due to scouring (i t). Profile sampling helps to answer the
question of where the Pb is coming from, and in what form if high
sampling flow rate is incorporated, so that it can be removed/reme-
diated. However, it does not directly answer the question of Pb ingestion
exposure in the sampled building.

4.3. Pb exposure sampling

Determining human exposure to Pb at the tap is the most complex
water sampling endeavor, because the sampling protocol must capture
Pb spatial and temporal variability under typical water use over a period
of time. Further, assessing average water Pb potential exposure at the
community level is different than average Pb potential exposure at the
individual resident or household level.

4.3.1. Community assessment of water Pb exposure

Single-sample protocols ( #) donot represent average water Pb
consumption in individual households (i
). For instance, FD captures one worst-case stagnation scenario out
of the infinitely numerous water stagnation possibilities (
)}, whereas 30 MS captures one estimate of the average inter-use
stagnation time (iasi . Single RDT in a home captures one
random water use pattern during the workday.

If a statistically sufficient number of single RDT samples is collected
throughout homes of a community, then a range of inter-use stagnation
times can be captured to approximate average water Pb exposure in that
community

). The RDT approach may therefore be suitable for
assessment of average water Pb exposure system-wide but not in indi-
vidual homes. Conceptually however, many RDT samples collected in

Water Volume captured {ml}

Fig. 7. Estimated correspondence between water sample volume and Pb plumbing source in example configurations of a) water faucet, and b) water bubbler. Sample

volumes were overlaid on top of schematics from the {i§
illustrated here.

1. Specific brands/models may differ from the estimated correspondences
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the same home over time may statistically approximate average water
Pb exposure in that home, although this concept requires further
exploration to avoid potential biases.

Comparative studies in different countries reached different con-
clusions regarding the best single-sample protocol for app10x1matmg
system- w1de average water Pb exposure (Hiliis
1%%4), but they used a reference protocol for their com-
parison, namely composite proportional sampling.

4.3.2. Household assessment of water Pb exposure

Composite proportional sampling was developed in the late 1970s
in the Netherlands } by attaching a
sampling device to the kitchen tap that diverts a fixed percentage of
water, usually 3-5%, into a large sampling bottle each time water is
drawn for consumption and the user flips the side-stream diversion
sw1tch ( 3} (A v E
Atter a defined period, usually rangmg trorn one day (i
} to one or two weeks ( £ %), the resulting
composxte water sample is analyzed to produce an average water Pb
concentration. The total water volume consumed can also be estimated,
so that the average Pb exposure dose (i.e., average Pb mass that would
be ingested over that period) can be calculated. The composite sample is
considered more representative of average Pb exposure than any of the
single samples, because it directly samples an approximate average
water Pb concentration over a prolonged period of normal household
water use.

The composite proportional devices must be designed and oriented
in a way that accurately captures particulate lead. The user-operated
proportional sampling devices are considered inconvenient and
cumbersome by residents (i
14} with the possibility of improper use (Hosic
Addltlonally, due to the needed sampling device, extra counter
space and longer duration, this sampling protocol can be more expensive
than other sampling protocols and was not deemed suitable for com-
munity sampling (s ;

Manual composite samplmg isa snnpler approach dating back to
the 1970s, when researchers collected a quart (i.e., 0.95 L) of water from
the kitchen tap evely nlght at dlnner 6 147%), or at each
meal (e M) or other variations of

bottle-fed infants (.
{ Y recently proposed returning to this approach, by collectmg
a pre-determined amount of water each time the water is drawn for
drinking or cooking and accumulating that water for a specific amount

of time in a large container for subsequent Pb analysis of the cumulative

Wi to be openad only in case of
watar consumption
5%

Fig. 8. Composite proportional sampling device. Reprinted from Aqua 1987 vol
6, van den Hoven. A New Method to Determine and Control Lead Levels in Tap
Water. Copyright (2004).

water volume. This simpler manual approach does approximately cap-
ture the cumulative water Pb concentration by simple analysis of the
composite sample. But it does not precisely track the total water volume
because it collects identical water volumes at each water use, unlike the
composite proportional sampling device which captures percentages
and can thus back calculate more precisely the total water volume
consumed. iy et 318} collected sub-samples from each
measured drmk consumed at home over three days. They used a
measuring cup to record water volume before it was consumed and
analyzed the sub-samples rather than a composite water sample, which
is more precise but more costly/cumbersome.

Composite Pb accumulation passwe sampling is a theoretical
approach mentioned by A variation of it was
somewhat explored by i i , although it was
explored at the household point of entry and not the point of use in that
study. It is currently under development/refinement (
%} and thus not included in Fahis % because it is not currently used in
practice. It is based on the ability of appropriately certified point of use
(POU) filtration devices to remove soluble and particulate Pb from water
at the tap used for consumption (cooking and drinking). Rather than
actively sampling water, Pb in the drinking water that passes through
the faucet-mounted POU device is trapped on the filtration media and
concentrates over time. At the end of the filter’s service life (or some
specified volume of filtered water), the filter cartridge can be removed
from the device and the Pb can be extracted from the filter media.

If the POU device has a flow totalizer that tracks the total volume of
water that passes the device, then an average Pb concentration can be
calculated by dividing the Pb mass extracted (ug Pb) by the volume
filtered (liters). Since only water for consumption passes the sampling
device, the final concentration reasonably reflects exposure. Ultimately,
the premise of this approach relies on the ability to quantitatively
extract the accumulated Pb from the POU filtration media. It warrants
further exploration, with 1} recently reporting promising
results from various POU filter Pb extraction approaches.

Although not perfect, composite Pb accumulation passive sampling
is conceptually more representative of average Pb exposure than other
protocols, as is composite proportional sampling. However, the average
Pb exposure calculated from one week of sampling may still not be
representative of Pb exposure throughout the year (} e
i), because of the aforementioned variations in water corrosivity
coupled with different work or recreational patterns from day to day,
week to week, or over the year. Therefore, potential exposure will vary
over time, and multiple composite sampling events would ideally be
needed to obtain the most realistic and accurate estimates.

Even within a household, individual residents will not have the same
water Pb exposure, because of the many variables previously discussed.
Sampling to isolate individual Pb potential exposure is almost impos-
sible, unless individual water consumption patterns can be separated
from the rest of the household such as in the case of formula-fed infants
i. It is important to mention that exposure to water
Pb is a combination of drinking water consumption inside and outside
the home (e.g., at daycare, school, or at work), which further compli-
cates matters. Still, the resolution of the composite proportional sam-
pling or composite Pb accumulation passive sampling goes down to
capturing average water Pb potential exposure at the household level,
which is an advancement over single-sample protocols that are intended
for other purposes.

5. Discussion
Review of the literature yielded the following conclusions:

e Residential water sampling for Pb assessment is a flexible tool with
many purposes. No single universally applicable sampling protocol
exists, and each protocol has a specific use toward answering one or
more questions relevant to Pb in water.
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e Understanding the inherent variabilities (spatial and temporal) of Pb
release into drinking water is essential to accurate data interpreta-
tion for a given sampling intention, particularly for the complex task
of exposure estimation. For instance, water Pb regulatory sampling
protocols employ practical single samples that were not meant to
estimate potential water Pb exposure at the household level, nor
were they all necessarily intended to relate to health-based Pb
standards. Few sampling protocols are designed to approximate
human exposure by Pb ingestion through water.
Different water sampling protocols {including different sample vol-
umes under otherwise identical sampling instructions) will yield
different Pb concentrations from different sources/forms of Pb. Un-
derstanding the detailed differences in sampling protocols is criti-
cally important when comparing existing Pb results from different
studies.

e In order to establish statistical correlations of drinking water Pb
concentrations to blood Pb measurements or to predict/estimate
blood Pb levels from existing datasets, the limitations of available
drinking water Pb datasets in representing water Pb exposure need to
be understood and the uncertainties need to be discussed (as was
done in { . Sampling biases
may relate poorly to the probable amount of Pb ingestion and may
underestimate or overestimate the impact of water Pb ingestion on
blood Pb.

Review of the literature yielded the following recommendations:

e Caution is advised when loosely using the term “exposure assess-

ment” for all water Pb sampling protocols, given that most sampling

protocols cannot accurately represent Pb exposure. This is especially
important in relatxvely rare events causing acute Pb exposures, as
explained in

Health p10fessxonals are encouraged to explore water sampling

protocols that better capture household water Pb potential exposures

during environmental assessments of Pb-poisoned children. That
could potentially uncover a previously unknown water Pb problem
as contributing to elevated blood Pb. Currently, health departments
in the US may not test the water for Pb at all during a home evalu-
ation. If water is tested, health departments follow common single-
sample protocols that were developed for other purposes such as
regulatory sampling, in the absence of other guidance (¥vi-

3 ).

e The Complex1tles brought up are not meant to discourage measure-
ment of Pb in drinking water. It is understandable that practical
considerations including sampling costs, simplicity, timeliness and
consumer acceptance need to be factored in when selecting an
appropriate sampling protocol. Future study designs for estimating
the relationship of drinking water Pb to Pb exposure need to carefully
balance the logistics of data collection with the benefits/limitations
of different sampling protocols. It will likely be necessary to establish
clear limitations/caveats to the ability to extrapolate from much of
the existing Pb water data, as well.
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